The ordered migration of thymocytes from the cortex to the medulla is critical for the appropriate selection of the mature T cell repertoire. Most studies of thymocyte migration rely on mouse models, but we know relatively little about how human thymocytes find their appropriate anatomical niches within the thymus. Moreover, the signals that retain CD4 + CD8 + double-positive (DP) thymocytes in the cortex and prevent them from entering the medulla prior to positive selection have not been identified in mice or humans. Here, we examined the intrathymic migration of human thymocytes in both mouse and human thymic stroma and found that human thymocyte subsets localized appropriately to the cortex on mouse thymic stroma and that MHC-dependent interactions between human thymocytes and mouse stroma could maintain the activation and motility of DP cells. We also showed that CXCR4 was required to retain human DP thymocytes in the cortex, whereas CCR7 promoted migration of mature human thymocytes to the medulla. Thus, 2 opposing chemokine gradients control the migration of thymocytes from the cortex to the medulla. These findings point to significant interspecies conservation in thymocyte-stroma interactions and provide the first evidence that chemokines not only attract mature thymocytes to the medulla, but also play an active role in retaining DP thymocytes in the cortex prior to positive selection.
Introduction
The thymus consists of distinct anatomical compartments dedicated to the support of different phases of T cell development. Accordingly, thymocyte maturation is tightly coupled to intrathymic migration (1, 2). The thymic cortex harbors immature CD4 + CD8 + double-positive (DP) thymocytes as well as specialized epithelial cells that provide positive selection signals. The thymic medulla, on the other hand, contains more mature CD4 + CD8 -or CD4 -CD8 + single-positive (SP) thymocytes, as well as a unique epithelial cell population that expresses a range of tissue-restricted antigens and a higher concentration of DCs to present selfantigens for negative selection. Mutations that disrupt normal thymic migration patterns can lead to autoimmunity, highlighting the importance of appropriate migration for selection of the T cell repertoire (3) (4) (5) .
The thymic medulla expresses a number of chemokines, and there is ample evidence that the CCR7-CCL19/21 axis promotes migration of mouse thymocytes from the cortex to the medulla at the DP-to-SP developmental transition (6) (7) (8) . In contrast, only 2 chemokines, CXCL12 (also known as SDF-1) and CCL25 (also known as TECK), are known to be expressed at higher levels in the cortex relative to the medulla (2, 9) . Mouse and human DP thymocytes migrate toward CXCL12 and CCL25 in vitro, but it is unclear whether they respond similarly in vivo (10, 11) . Mice lacking expression of the CXCL12 receptor, CXCR4, on thymocytes showed defective CD4 -CD8 -double-negative (DN) thymocyte migration from the subcapsular region to the cortex as well as defects in DN-to-DP transition. However, no defects in the cortical segregation of DP thymocytes or the DP-to-SP developmental transition were observed (12) (13) (14) . In addition, mouse DP thymocytes express proteins that dampen their responses to cortical chemokines (15, 16) . Indeed, it has been suggested that retention of DP thymocytes in the cortex prior to positive selection is independent of chemokine signaling and may instead occur via a passive mechanism, such as the inability of DP thymocytes to migrate on medullary extracellular matrix (2, 8) .
In addition to the dearth of knowledge about signals that retain DP thymocytes in the cortex, it is noteworthy that virtually all of our information about intrathymic migration comes from mouse studies. Mice and humans differ in basic thymus anatomy, such as the presence of well-developed Hassall's corpuscles in the thymic medulla of humans, but not mice. Moreover, thymocyte ontogeny and cell surface phenotype of developmental intermediates differ significantly between mice and humans (17) (18) (19) . Thus, studying human thymic samples will undoubtedly reveal unique information distinct from that obtained from studies of mouse models.
Humanized immune system (HIS) mice, in which human thymocytes develop on mouse thymic stroma, provide in vivo models for examining human immune responses (20) , but molecular understanding of interspecies crosstalk in these systems is lacking. While there are indications that some human thymocytes can be selected on mouse MHC molecules, it is currently unclear to what extent human thymocytes engage mouse MHC (21) (22) (23) . In addition, T cell development in HIS mice may be limited by suboptimal interactions between other mouse-human receptor-ligand pairs, including chemokines, cytokines, and their receptors (24) . Thus, a greater knowledge of the interspecies interactions between human thymocytes and mouse thymic stroma is needed to optimize human T cell development in these models.
Here, we used a thymic slice model in conjunction with 2-photon time-lapse microscopy to examine human thymocyte migration in 3-dimensional living tissue (8, 25) . This allowed us to characterize the motility and localization of human thymocytes on both mouse and human thymic stroma and to probe the mechanisms that direct these behaviors. We found that human thymocytes showed appropriate intrathymic localization and developmentally regulated changes in motility on mouse stroma. Furthermore, we found that interspecies recognition of mouse MHC could maintain the activation and motility of human DP thymocytes on mouse stroma. We also provide evidence that 2 distinct chemokine receptors contributed to the correct localization of mature versus immature human thymocytes: CCR7 signals promoted SP localization to the medulla, and CXCR4 signals promoted DP thymocyte localization to the cortex. These data suggest that positive selection and the transition from the DP to the SP stage of thymic development involves both the loss of attraction to cortical chemokines and the acquisition of responsiveness to medullary chemokines; furthermore, our results revealed extensive interspecies crosstalk between human thymocytes and mouse thymic stroma.
Results

Human thymocyte migration in mouse and human thymic environments.
In order to examine human thymocyte migration in situ, we adapted a protocol initially developed for mouse tissues (8, 25) : isolated thymocyte populations were applied to a vibratome-cut thymic slice, and their location and migration patterns were examined after short-term culture ( Figure 1A ). Because human T cells can develop in a murine thymic environment (20, 26) , we focused our attention on the behavior of human thymocytes on murine thymic slices. This interspecies slice model allowed us to take advantage of genetic manipulations available in mice and provided information about interspecies conservation in thymocyte-stroma interactions. We isolated human thymocyte populations from 18-to 20-week fetal thymic tissue using negative enrichment procedures to eliminate any abnormal behavior that might result from artificially blocking or activating surface molecules. We consistently isolated DN and CD69 -TCRβ lo DP thymocytes as well as mature CD1a -SP thymocyte subsets (either CD4 + or CD8 + ) with greater than 85% purity ( Figure 1B) . Subset purity was verified, and costaining with CD7 allowed confirmation of T lineage commitment, while CD1a and TCRβ allowed for a more detailed characterization of the maturational state of the thymic subsets. Human purified thymocytes were then labeled with fluorescent dyes and allowed to migrate into mouse or human thymic slices for 2-4 hours. In most experiments with mouse thymic slices, we used mice expressing a DC-specific fluorescent reporter, CD11c-YFP, to aid in distinguishing cortex from medulla (27, 28) . Samples were either imaged by 2-photon microscopy to examine thymocyte migration patterns or fixed, frozen, and further sectioned for microscopy to examine thymocyte localization patterns ( Figure 1A) .
We first asked whether human thymocytes would migrate into murine thymic tissue and correctly localize to their expected microenvironment. Microscopy of fixed, frozen thymic sections showed that immature DN and DP human thymocytes were largely confined to the cortex, whereas mature CD4 + and CD8 + SP populations were preferentially located in the medulla (Figure 1 , C and D). Our findings -consistent with previous studies in mice (8) -indicate that the thymocyte-stromal cell signals that direct thymocyte localization to the cortex versus medulla are largely conserved between humans and mice.
We also placed purified human fetal thymocytes on human thymic slices prepared from the same donor ( Figure 1A ). Isolated, mature CD4 + and CD8 + SP thymocytes added to slices localized preferentially to the medulla, mirroring their behavior on mouse thymic slices. Surprisingly, immature DN and DP human thymocyte populations did not localize preferentially to the cortex as they did on mouse slices, but rather displayed similar densities in the cortex and medulla of human thymic slices (Figure 1 , E and F), despite the finding that cultured human thymic slices maintained cortical and medullary structure and showed appropriate localization of endogenous thymocytes to the cortex and medulla, as assessed by CD1a staining ( Figure 1G ). These observations suggest that human immature thymocytes are responsive to localization signals from the thymic stroma, but that these signals are not adequately provided by the human stroma in this model. Because endogenous DP human thymocytes retained their cortical localization within human slices ( Figure 1G ), this suggests a more stringent requirement for migration of ex vivo-isolated DP thymocytes to the cortex after addition to slices.
Next, we examined the migration characteristics of human thymocytes within thymic slices using 2-photon microscopy. Immature DN and DP thymocytes in the cortical region of mouse thymic slices migrated with speeds of approximately 4 μm/min, similar to previous reports for mouse cortical DN and polyclonal DP thymocytes from both intact and vibratome-cut thymic lobes (27, 29, 30) . Mature human CD4 + and CD8 + SP thymocytes in the medulla migrated more rapidly than did immature cells in the cortex, exhibiting average speeds of approximately 9 and 12 μm/min, respectively ( Figure 2 , A and B, and Supplemental Video 1; supplemental material available online with this article; doi:10.1172/ JCI67175DS1). Remarkably, these values were in close agreement with previous reports of mouse CD4 + and CD8 + SP thymocytes (∼9-16 μm/min) as well as with reported mature CD4 + and CD8 + T cell speeds in lymph nodes (∼10-13 μm/min) (8, 27, 31, 32) . We noted that the few CD8 + SP cells found in the cortex migrated rapidly and displayed an average speed of approximately 10 μm/min ( Figure 2B ), which suggests that the developmental state of the cell, rather than differences in cortical versus medullary environment, represents the major factor determining human thymocyte motility. To examine human thymocyte migration on human stroma, we relied on relative density of labeled thymocytes to distinguish cortex versus medulla during imaging, and are therefore less confident about assigning individual imaging volumes to cortex or medulla. Nevertheless, we consistently observed that SP thymocytes migrated more rapidly than did DP thymocytes ( Figure 2 , C and D, and Supplemental Video 1). The average speed of DN cells on human slices was more heterogeneous than that on mouse slices, and DN cells had higher motility on human versus mouse slices (average speed, 7 vs. ∼4 μm/min). Even so, human DN cells were substantially slower than human SP cells on human thymic slices. Together, these data showed that the motility of human thymocytes on mouse slices was similar to that on human slices and validated the interspecies thymic slice model as a means to elucidate the molecular signals involved in human thymocyte migration.
Interactions with MHC on mouse stroma sustain the activation and motility of human DP thymocytes. Although positive selection is thought to require specific recognition of peptide-MHC complexes on thymic stromal cells, there are also indications that a large proportion of DP thymocytes receive low-level TCR signals from MHC recognition, leading to upregulation of activation markers and maintenance of basal motility in the thymic cortex (29, 33, 34) . To determine whether mouse MHC can provide these signals to human thymocytes, we cultured DP human thymocytes on thymic lobes of mice deficient in MHC classes I and II (referred to herein as MHC-deficient mice) or WT mice for 72 hours, and then examined expression of CD69 and CD5 as indicators of TCR engagement of MHC (33) . Human thymocytes recovered from WT, but not MHCdeficient, thymic slices showed upregulation of both CD69 and CD5, reflected as a shift in the overall mean fluorescence intensity on the DP population, and an increase in the proportion of CD69 hi cells ( Figure 3 , A-D). We also compared the speeds of human DP cells in the cortex of MHC-deficient versus WT thymic slices. Human DP motility was significantly reduced on MHC-deficient versus WT thymic slices (∼3.0 vs. ∼4.4 μm/min; Figure 3 , E and F). In contrast, the speed of mature CD8 + SP thymocytes was similar on thymic slices of WT mice and mice deficient in MHC class I only ( Figure 3 , G and H). These data indicated that mouse MHC can engage human thymocytes and thereby contribute to the maintenance of human DP thymocyte motility.
Changes in chemokine responsiveness at the DP-to-SP transition. Chemokines are likely candidates to play a role in the migration and localization of human thymocytes. Although numerous studies have examined chemokine receptor expression and chemokine responsiveness of postnatal human thymocytes, there is limited information regarding chemokine responsiveness of human fetal thymocytes (11) . We therefore used flow cytometric analysis to examine human fetal thymocytes for their expression of CCR7 and CXCR4, 2 chemokine receptors whose ligands are differentially expressed in the cortex versus the medulla (9) . CCR7, the receptor for the medullary chemokine CCL21, was upregulated on both CD4 + and CD8 + SP thymocytes, with the highest levels seen on the more mature CD1a -SP cells ( Figure 4A ). DP thymocytes were low for CCR7, although some expression was detected on the TCR-signaled CD69 + DP thymocytes, in line with previous reports from mouse adult thymocytes (10, 35) . In contrast, CXCR4, the receptor for the cortical chemokine CXCL12, was expressed at higher levels on DP compared with SP thymocytes, with the TCR-signaled CD69 + DP thymocytes expressing lower levels than CD69 -DP thymocytes ( Figure 4B ).
The surface expression of CCR7 and CXCR4 on human fetal thymocyte subsets closely corresponded to their in vitro chemokine responsiveness, as measured by transwell migration assays (Figure 4 , C-E). Responsiveness to CCL21 increased with increasing maturation state, with DP thymocytes showing very little response and the most mature SP thymocytes migrating robustly ( Figure  4C ). In contrast, a strong response to CXCL12 was observed with CD69 -DP thymocytes, with a markedly reduced response after positive selection in CD69 + DP and CD1a + SP populations ( Figure  4D ). These data -in agreement with previous reports for postnatal thymocytes (11, 36) -indicate that positive selection signals at the DP stage are accompanied by a change in responsiveness to both CCL21 and CXCL12. Interestingly, chemotaxis toward CXCL12 was regained in the most mature CD8 + SP thymocytes ( Figure 4D ), consistent with murine and human studies that suggest a role for CXCR4 in thymic egress (37, 38) . We also examined responses of human fetal thymocytes to another cortical chemokine, CCL25, and found that all subsets exhibited robust migration toward CCL25, with no apparent difference between CD69 -and CD69 + DP thymocytes ( Figure 4E ). It is also noteworthy that similar chemotactic responses were observed with human and mouse chemokines (Figure 4 , C-E), further validating the use of the interspecies thymic slice model as an experimental system to probe human thymocyte localization and migration.
CCR7 signaling directs the appropriate intrathymic localization of human CD8 + SP thymocytes. To test the role of chemokine receptors on human thymocyte migration in situ, we examined the effect of pertussis toxin (PTX), which blocks signaling through chemokine and other GPCRs. Treatment of CD8 + SP thymocytes with PTX just prior to seeding onto human thymic slices abolished their preferential localization to the medulla ( Figure 5, A and B) . This effect corresponded with a drop in CD8 + SP speed in the medulla of murine slices (from ∼12 to ∼8 μm/min) and was also confirmed on human thymic slices (from ∼11 to ∼7 μm/min) ( Figure 5 , C-F, and Supplemental Video 2). The observed effect of PTX treatment on the speed of SP thymocytes agrees with data from mouse studies and indicates that GPCR signaling helps to promote mature SP thymocyte motility and localization to the thymic medulla (8) .
Mature SP human thymocytes migrated in response to CCR7 ligands in vitro ( Figure 4C) , and previous mouse studies have shown that CCR7 is essential for directing SP thymocytes to the medulla (7, 8, 39) . To determine whether CCR7 signaling is also necessary for the localization of mature human SP thymocytes to the medulla, we examined SP localization on thymic slices from mice lacking CCR7 ligands (plt/plt mice) (40) . The lack of CCR7 ligands disrupted localization of CD4 + and CD8 + SP thymocytes and led to similar densities in the cortex and medulla, mirroring the effect of PTX-treated CD8 + SP thymocytes on human thymic slices. In contrast, the preferential segregation of DP thymocytes to the cortex was preserved in thymic slices from plt/plt mice (Figure 5, G and H) . Thus, CCR7 appears to be a key GPCR responsible for directing both human and mouse SP thymocytes to the medulla, but does not have a major effect on the localization of DP thymocytes in the cortex.
CXCR4 signaling retains human DP thymocytes in the thymic cortex.
To explore the contribution of chemokines to the cortical segregation of immature human thymocytes, we examined the effect of PTX treatment on the intrathymic localization of human DP thymocytes. PTX-treated DP thymocytes seeded onto mouse thymic slices no longer displayed preferential accumulation to the cortex, but were distributed equally between cortical and medullary compartments ( Figure 6, A and B) . We also examined the effect of PTX treatment on the speed of DP thymocytes in the cortex using 2-photon time-lapse microscopy. PTX treatment had a modest effect on the speed of DP thymocytes in the cortex of mouse thymic slices (from ∼4.5 to ∼4 μm/min) and no significant effect on human thymic slices ( Figure 6, C and D) . These data indicate CXCR4 directs the appropriate localization of human DP thymocytes. (A and B) Representative cryosections (A) and relative density (B) of untreated (from Figure 1D ) and PTX-treated (n = 358) fetal DP thymocytes on CD11c-YFP slices. (C and D) Average speed of (C) untreated (from Figure 2B) or PTXtreated (n = 80) fetal DP cells in the cortex of CD11c-YFP slices and on (D) human fetal thymic slices. n = 97 (DP); 73 (DP+PTX). (E and F) Fetal DP thymocytes were incubated with AMD3100 at the start of culture, and their location was determined after 4 hours. Representative cryosections (E) and relative density (F) of untreated (from Figure 1D from the cortex to the medulla at the DP-to-SP developmental checkpoint and indicate a striking degree of interspecies crosstalk between human thymocytes and mouse thymic stroma.
The prevailing view of chemokine signaling during T cell development holds that chemokines play little role in the thymic cortex (2, 8) . This notion is based in part on the relative dearth of chemokine expression in the cortex compared with the medulla and the subcapsular zone (9) . In addition, the in vitro responsiveness of mouse DP thymocytes to cortical chemokines is dampened by expression of the adaptor protein GIT2 and the glycoprotein PlexinD1 (15, 16) . Moreover, mice bearing mutations in receptors for the 2 known cortical chemokines, CXCR4 and CCR9, did not display clear phenotypes at the DP stage, although defects at early stages of thymic development were previously noted (12) (13) (14) (41) (42) (43) . In sharp contrast to this view, we saw a striking effect of CXCR4 inhibition on human DP thymocyte localization within the thymus. Moreover, there was marked downregulation of CXCR4 expression and a decrease in CXCL12 responsiveness in CD69 + DP and SP human fetal thymocytes compared with CD69 -DP cells. In contrast, responsiveness to CCL25 did not show substantial variation among the different human thymocyte populations. Although CXCL12 is required for DP thymocytes to accumulate in the cortex, chemokine signaling itself may also affect expression and activation of adhesion molecules such as integrins, which in turn may contribute to the ability of DP thymocytes to migrate on cortical, but not medullary, stroma (8, 44, 45) . These data fit with the view that DP thymocytes undergoing positive selection respond to 2 competing chemokine gradients: one emanating from the cortex, dominated by the CXCR4/ CXCL12 axis, and one from the medulla, dominated by the CCR7-CCL19/21 axis. Prior to positive selection, the CXCR4 signal predominates, helping to retain DP thymocytes in the cortex. How ever, as thymocytes mature in response to positive selecting signals, they downregulate CXCR4 and upregulate CCR7, thereby promoting migration from the cortex to the medulla.
While our results point to an important role for CXCR4 in actively retaining DP thymocytes in the cortex, we did not observe a major effect of the global chemokine receptor inhibitor PTX on the overall motility of human DP thymocytes. In fact, as reported here and shown previously with mouse thymocytes (8, 27, 29) , cortical thymocytes were more than 2-fold slower than their medullary counterparts. Moreover, we found that PTX treatment sharply reduced the speed of human SP thymocytes, but had a minor effect on DP thymocyte speed. These data suggest that the relatively slow migration of human DP thymocytes may be determined by other factors, such as altered integrin activation, rather than by chemokine signaling (44, 45) .
Previous studies using mouse thymocytes and mature T cells revealed a context-dependent effect of TCR signaling on motility. TCR signaling can promote migration, as in the requirement for tonic MHC signals to sustain the motility of the bulk of DP thymocytes within the cortex and the rapid directional migration toward the medulla associated with positive selection (29, 30) . In other contexts, TCR signaling can lead to reduced motility, such as the brief periods of migratory arrest triggered by positive selection and slowing of SP thymocytes due to encounters with high-avidity self-antigens in the thymic medulla (25, 27) . Likewise, mature naive T cells typically undergo migratory arrest upon initial encounter with antigen-loaded DCs, but eventually recover their motility (32, 46-48). Our current observation of enhanced that GPCR signaling helps to direct the localization of human DP thymocytes within the thymus, but does not have a major effect on their overall motility.
We next tested whether CXCR4 is the GPCR responsible for the cortical localization of DP thymocytes, using the CXCR4 smallmolecule inhibitor AMD3100 (40) . We first confirmed the specificity of AMD3100 for CXCR4 using transwell migration assays (Supplemental Figure 1) . As expected, AMD3100 strongly inhibited the in vitro migration of human fetal thymocytes to both human and murine CXCL12, but did not affect their migration to CCL25 or CCL21. We then tested the effect of the drug on the localization of human thymocytes on mouse thymic slices. We found that DP cells treated with AMD3100 no longer segregated to the cortex and, in fact, displayed a slight medullary bias ( Figure 6, E and F) . In contrast, AMD3100 treatment had no significant effect on mature SP thymocyte localization to the medulla ( Figure 6J ).
The effect of AMD3100 treatment on DP localization suggested that CXCR4 signaling is needed to attract DP thymocytes to the cortex and prevent them from prematurely migrating from the cortex to the medulla. However, an alternative possibility was that the drug affects the ability of DP thymocytes to enter the cortex or medulla from the surface after seeding onto the thymic slice. To distinguish between these possibilities, we first allowed human DP thymocytes to migrate into the tissue for 4 hours in the absence of the drug, and then added AMD3100 and continued culturing the slices for another 4 hours prior to analysis. Under these conditions, entry of DP thymocytes into the thymic slice was more efficient (data not shown), perhaps due to the longer time allowed for migration. More importantly, addition of AMD3100 to thymic slices after human DP thymocytes had localized to the cortex led to a striking relocalization to the medulla ( Figure 6, G and H) .
We also tested the effect of AMD3100 on the localization of human thymocytes on human thymic slices. For this experiment, we used human postnatal DP thymocytes and thymic slices, which, unlike fetal thymus samples ( Figure 1F ), exhibited appropriate accumulation of DP thymocytes in the cortex ( Figure 6I ). We allowed postnatal DP thymocytes to migrate into either postnatal human or mouse thymic tissue for 4 hours and then added AMD3100 and continued culturing the slices for a total of 8 hours. Addition of AMD3100 inhibited the cortical segregation of postnatal human DP thymocytes on both mouse and human postnatal thymic slices ( Figure 6I ). These data implicate CXCR4 as a critical mediator in the localization of human DP cells, supporting a chemoattractant role for CXCL12 in both directing and retaining human DP thymocytes to the thymic cortex.
Discussion
Our current understanding of human thymocyte migration is based largely on in vitro chemokine migration data and extrapolation from studies in mice; thus, the signals that control human thymocyte migration in vivo are not known. Here, we directly examined the intrathymic migration patterns of human thymocytes on both mouse and human thymic stroma and investigated the effect of TCR and chemokine signals on these patterns. Our findings revealed some notable similarities between humans and mice, including the role of the CCR7-CCL19/21 axis in attracting mature SP thymocytes to the medulla. We also revealed a role of the CXCR4-CXCL12 axis in retaining immature DP thymocytes in the cortex. These data provide the first evidence that 2 opposing chemokine gradients control the migration of thymocytes eages using anti-human CD11c, CD14, CD16, CD19, CD20, CD123, and CD235a (eBioscience) and CD56 (BD Biosciences) antibodies conjugated to biotin. Additional biotinylated antibodies were added as follows for enrichment of thymic subsets: DN, anti-human CD4 (clone OKT4), CD8 (clone HIT8a), and CD3; preselection DP, anti-human CD69 and CD34; CD4 + SP, anti-human CD8 (clone HIT8a), CD1a, and CD34; CD8 + SP, antihuman CD4 (clone OKT4), CD1a, and CD34; mature SP (CD4 + and CD8 + together), anti-human CD1a and CD34 (eBioscience).
Flow cytometry. Pre-and postenrichment thymocytes or single-cell suspensions from thymic slices were stained with anti-human CD1a-PE, CD3-APC-eFluor 780, CD4-APC-eFluor 780 (clone RPA-T4), CD4-eFluor 450 (clone RPA-T4), CD8a-PE-Cy7 (clone RPA-T8), CD7-PE-Cy5, CD45-PerCP-Cy5.5, CD69-biotin, TCRαβ-FITC, CXCR4-APC, and CCR7-APC antibodies as well as streptavidin-Pacific Blue or streptavidin-APC (eBioscience). Cells were incubated with antibody for 20 minutes at 4°C, except for staining for CCR7 (1 hour at 37°C). Samples were run on an LSRII flow cytometer (BD Biosciences), and data were analyzed with FlowJo software (Tree Star).
Thymocyte labeling and treatment. Single-cell thymocyte suspensions were resuspended at 1 × 10 7 cells/ml in PBS and labeled with a final concentration of 2 μM SNARF-1 or 0.5 μM CFDA-SE (Invitrogen) for 10 minutes at 37°C. Cells were washed 3 times with complete DMEM and treated or directly applied to thymic slices. PTX-treated thymocytes were incubated with 100 ng/ml PTX (Sigma-Aldrich) for 10 minutes at 37°C in complete DMEM, then washed 3 times in complete DMEM. The activity of each lot of PTX was confirmed. AMD3100-treated DP or SP thymocytes were resuspended in 1 μg/ml AMD3100 (Sigma-Aldrich) in complete DMEM during migration into the slice and underneath the transwell. In some experiments, AMD3100 was added to the slices briefly (5-10 minutes) and to the media underneath the transwell after the thymocytes had migrated into the tissue for 4 hours.
Mice. Mice were housed and bred at the American Association of Laboratory Animal Care-approved facility at the Life Sciences Addition at UC Berkeley under pathogen-free conditions. Experiments were approved by the Animal Care and Use Committee. C57BL/6 and CD11c-YFP mice were bred in house (28) . MHC class I-knockout (β2m) and MHC-deficient (Abbβ2m) mice were obtained from Taconic and bred with CD11c-YFP transgenic mice (54) . CCL19 and CCL21a mutant (plt/plt) mice on the C57BL/6 background were purchased from The Jackson Laboratory (40) .
Thymic slices. Mouse and human thymic slices were prepared essentially as described previously (55) . For mouse tissue, individual thymic lobes were embedded in 4% low-melt agarose dissolved in HBSS. For human tissue, a portion of the thymic tissue was removed using a scalpel and embedded in the agarose solution. Tissue slices were cut to a thickness of 500 μm using a Vibratome 1000 Plus Sectioning System and feather blades (Leica Microsystems), then transferred to a 0.4-μm organotypic cell culture insert (BD Biosciences) over 1.5 ml complete DMEM in a 6-well plate. Excess liquid was removed from the tissue slice by pipetting, and 0.5-2 × 10 6 cells were overlaid in 10 μl complete DMEM. Thymocytes were allowed to migrate into the slice for 2-4 hours in a 37°C incubator, and cells remaining outside the tissue were washed by indirect pipetting of media over the slice.
2-photon imaging. Thymic slices were glued to a coverslip (3M Vetbond tissue glue adhesive) and maintained in 37°C, oxygenated phenol redfree DMEM. Fluorescent cells within the thymic slices were imaged using 2-photon microscopy using either a custom-built 2-photon microscope with a Spectra-Physics MaiTai Laser (×20/0.95 Nikon objective) or a Zeiss 7 MP microscope (×20/1.0 Zeiss objective) with a Coherent Chameleon laser tuned to 920 nm. Second harmonics, CFDA-SE/YFP, and SNARF were separated with 495 nm, 560 nm, and 650 nm dichroic mirrors, respectively, and a 450 nm/80 nm bandpass filter on the custom-built 2-photon motility of polyclonal human DP thymocytes in the presence of mouse MHC is fully compatible with these previous studies and supports the notion that tonic TCR signals promote immature thymocyte migration in the cortex.
Humanized mice, in which human thymocytes develop in contact with mouse thymic stroma, are important models for human immune development and function, but how human T cells are selected in these systems is not well understood (20, 22) . Human CD8 and CD4 can interact with mouse MHC class I and MHC class II, respectively, and there are indications that human thymocytes can undergo positive selection on mouse MHC (21) (22) (23) (49) (50) (51) . However, human thymocytes express both MHC class I and MHC class II, and there is evidence that some positive selection in humanized mice occurs via human thymocyte-thymocyte interactions (52) . Thus, it is unclear whether interactions between human thymocytes and mouse stromal cells are extensive and productive, or whether only rare human thymocytes can crossreact with mouse MHC. Here we provided evidence that the bulk of human DP thymocytes can receive MHC-dependent signals from mouse thymic stroma that sustain their motility and activation state, an effect that was mediated by human TCR and/ or CD4 + and CD8 + coreceptors binding to mouse MHC. These data point to a surprising degree of interspecies conservation in thymocyte-stromal interactions between humans and mice and suggest that selection of human thymocytes by murine stromal elements may be quite efficient.
Our study presented 2 complementary models to examine human thymocyte migration within a living 3-dimensional thymic stromal environment: the human→mouse system allowed for manipulation of stromal cell environments using genetically engineered mice, and the human→human system provided information about the human thymic microenvironment. Together, these systems offer a unique opportunity to study the molecular signals that direct human T cell behavior and development, as well as interspecies crosstalk, and should help to inform the development of improved in vivo humanized mouse models. Moreover, immune-modulatory drugs, including small-molecule antagonists to chemokine receptors, such as AMD3100, represent an emerging therapeutic modality (53) . We foresee that the thymic slice model may serve as a preclinical tool to investigate the effect of immune-modulatory drugs on human thymocyte development. This tool may be of particular relevance to the treatment of infants and children, whose peripheral T cell pool is predominantly shaped by recent thymic emigrants.
Methods
Human thymocyte subset purification. Consent for and procurement of human fetal thymic tissue (18-20 weeks) was provided by Advanced Bioscience Resources in accordance with federal, state, and local law. Postnatal thymi were obtained as a surgical byproduct during corrective cardiac surgery in pediatric patients 1 week to 2 years of age in accordance with the ethics review committee of Children's Hospital and Research Center Oakland. Thymic tissue was dissociated into a single-cell suspension using a glass tissue homogenizer. Each experimental replicate was obtained from tissue from a single sample, and each experiment was performed at least 2 times with independent human thymic tissue. A total of 49 individual thymic samples were obtained for this study, of which 3 samples were excluded due to poor cell yield. Thymocyte subsets were negatively enriched using the EasySep Biotin Positive Selection Kit for depletion, as directed by the manufacturer (STEMCELL Technologies). Thymocytes were incubated with human Fc block, and all subsets were depleted for non-T cell lin-normalizing as the ratio of medulla to cortex area. Data for each thymocyte subset were compiled from at least 4 tissue sections from a minimum of 2 independent experiments, and thymocyte speed data were compiled from a minimum of 3 different imaging volumes from at least 2 experiments, unless otherwise indicated in the figure legends. Graphing and statistical analysis was done using GraphPad Prism. A P value less than 0.05 was considered significant.
Study approval. Consent for and procurement of 18-to 20-week human fetal thymus tissue was provided by Advanced Bioscience Resources in accordance with federal, state, and local law. Postnatal thymi were obtained as a surgical byproduct during corrective cardiac surgery in pediatric patients 1 week to 2 years of age in accordance with the ethics review committee of Children's Hospital and Research Center Oakland. Mice were housed and bred at the American Association of Laboratory Animal Care-approved facility at the Life Sciences Addition at UC Berkeley under pathogen-free conditions. Experiments were approved by the Animal Care and Use Committee.
